ABSTRACT In this paper, we report the mechanistic insights into thermal and humidity induced degradation of silicone employed in high power LEDs. High power blue and white light emitting diodes (LEDs) are used for experimentation. The silicone encapsulant of both the blue and white LEDs are degraded due to hydrolysis, likewise for the molding part of the blue LED. However, the molding part of the white LED is degraded via thermal oxidation. We find that lumen degradation is rapid for white LEDs, whereas material degradation is unexpectedly rapid for blue LEDs. The reasons for such differences in the degradation of the packaging materials are explained. We also found that the degradation of LEDs under high temperature alone is different from that under high temperature and humid condition, such as those used in the outdoor applications.
I. INTRODUCTION
The applications of white high power LEDs are wide spreading, and besides their general lighting applications, they are also used in outdoor applications such as head lamps in automobiles, ultra-bright large area displays, street lamps, park lamps, to name a few.
There are several elements in a packaged high power LED namely molding part, heat sink, LED chip, die attach, lead frame, encapsulant, Au wires for bonding and lens as shown in Figure 1 .
Silicone based materials are considered to be the most appropriate materials for encapsulant, molding part and lens of LED due to their wide range of advantages such as suitable refractive index of 1.4-1.57, good UV and thermal resistance, low-impurity levels, good moisture resistivity, high-optical clarity, and low modulus [1] , [2] .
Silicone function as molding part for the housing material in LEDs due to its mechanical strength and its enhancement on light output because of its reflector shape and special filler addition [3] .
Silicone based packaging has replaced thermoplastic based pre-molded packaging in the LED industry as thermoplastic based molding packaging is more pronounced to surface yellowing (browning) and detachment of encapsulant under high temperature exposure, which renders shorter lifetime of packaged LEDs [4] - [6] . Silicone manufacturer for LEDs such as CAPLINQ can now prepare silicone for molding part, encapsulant as well as lens [6] . Silicone is essential for the LED packaging industry today.
Generally, silicone can be considered as a ''molecular hybrid'' between glass and organic linear polymers [7] , [8] . The chemical structure of silicone is [R 2 SiO] n , where an inorganic Si-O backbone is bonded with an organic group R such as methyl or phenyl as shown in Figure 2 . Physical properties of silicone, namely hardness, refractive index or gas/humidity permeability can be altered by varying the Si-O chain length, side group R selection and crosslinking methods [4] . According to Joon-Soo Kim [5] , two different types of silicone, namely poly dimethylsiloxane and phenylsiloxane as shown in Figure 2 , are mixed in different Figure 2 (c), R stands for CH 3 and OEt stands for Oxy Ethyl groups [5] .
concentrations for different functions in a LED package. Sela et al. [9] shows that the molding part of LEDs can be prepared by silicone resins which consists of highly branched polymer structures as shown in Figure 2 (C).
During the operation of high power LEDs, their chip temperature can go up to 135 • C with high intensity light output up to 80 lumens [10] . Hence, thermal/photo degradation of silicone at high temperatures were studied where the alteration of its chemical structure were investigated as reported in [11] - [14] . This change in the chemical structure of silicone leads to degradation in its physical properties such as mechanical strength, color change and transparency [7] . For example, the irreversible oxidation reactions under high temperature, such as methyl side group oxidation, can result in CH 2 -CH 2 cross linking between two silicone backbones, causing an increase in the silicone hardness and induce cracks in the material [15] .
For LEDs employed in outdoor environment, moisture is a common stress factor to the degradation of LED packages [16] . This moisture, together with high temperature due to the heat generated in the LED chip, could modify the degradation processes of silicone. Singh and Tan [10] found that the degradation mechanisms for blue and white LEDs when tested under high temperature and high humidity conditions are different. Moisture plays a significant role in blue LED's degradation whereas the heat produced by the phosphor in white LEDs leads to the reduction of moisture, and delamination at the encapsulant and molding part interface was found to be the mechanism for the white LED degradation. Zhang et al observed that the package of mid power LEDs showed yellowing under thermal moisture stress and such yellowing did not observe when LEDs are tested under only thermal stress alone [17] . In summary, the degradation mechanisms of silicone under thermal only and thermal-moisture conditions are different.
While silicone degradation under high temperature and high humidity condition is the obvious cause of lumen degradation, the underlying science of the silicone degradation due to the combined effect of temperature and humidity is still unknown, and this is the focus of this work. FTIR spectroscopy and EDS will be used to understand the chemical changes occurring in the various LED parts.
II. EXPERIMENTATION
Two sets of high power OSRAM golden dragon LEDs are chosen, each consists of 20 units of white high power LEDs and blue high power LEDs respectively. All the LEDs are subjected to 85 • C/85%RH environmental condition in a temperature-humidity chamber (µ series from Isuzu), and 350 mA constant current is passing through them individually, according to the manufacturing specification. Their electrical measurements are done using Keithley source meter model 2651A, and their optical measurements are done with system comprises of a 1-m-diameter integrating sphere model SLM-40TS-110902 and a spectro-radiometer model Ocean Optics QE6500. Initial set of measurements are done for all of them to serve as reference baseline for each test sample.
The samples are taken out of the humidity-temperature chamber in every 24-hours interval for their optical and electrical measurements. The setting for all the measurements is done according to [18] to prevent self-heating during measurement. All the measurements are done within 3 hours from the time the samples are taken out from the test chamber in order to keep the moisture out-diffusion from the packages to the lowest. Optical microscope Keyence VHX5000 is used to examine the LEDs' packages after each test interval. SONIX UHR-2001 Scanning acoustic microscope (SAM) is also employed to examine the delamination in the packages. 
III. EXPERIMENTAL RESULTS
Discoloration is observed vividly for the degraded blue LEDs tested for 356 hours when compared to the fresh LEDs as seen in Figure 3 . The discoloration is worse in the case of the degraded white LEDs tested for only 144 hours when compared to the blue LEDs tested for 356 hours. The white LEDs reached 33% lumen degradation in 144 hours, whereas the blue LEDs took 356 hours to reach 25 % lumen degradation as shown in Figure 4 .We stopped the tests for both the sets according to ASISST standard [19] which sets the largest acceptable lumen degradation at 30%.
The discoloration observed in LEDs could either be due to the degradation of encapsulation material or the molding part material. This discoloration has a direct impact on the light output of the LEDs. As the test conditions are the same for both the white and blue LEDs, i.e. 85 • C and 85 % RH and both LEDs have the same type of dice, the more severe discoloration of white LEDs as compared to the blue LEDs suggest that the heat generated from the phosphor in white LEDs is mostly likely the main cause for the more severe discoloration in white LEDs than the blue LEDs. This phosphor is used to convert the blue light from the dice to yellow light so that a white light is produced through the combination of the blue and yellow lights. This light production process is also accompanied with the heat generation which can lead to the overall increase in temperature, renders the LED molding part and encapsulant degradations as found by Singh and others [20] - [22] .
As it is unclear from the top view of the LED shown in Figure 3 (d) that the observed discoloration is either due to encapsulant and/or molding part, they are detached so that a separate investigation of the encapsulant and molding part degradation can be done. Figure 3 (e) and (f) show their optical micrographs using degraded white LED as example. Figure 3 (e) and (f) show that cracks are uniformly distributed over the entire surface of the encapsulant and the molding part for the white LEDs, but the crack features are different. Therefore, the degradation mechanism of the encapsulant and the molding parts of LEDs under the temperature-humidity test are likely to be different. To probe further into the different mechanisms, 3D Confocal microscope is used along with SEM to observe the cracks and their topology, and EDS is used to see the elemental composition change in the encapsulant and molding part before and after the test. The analysis results are described below. Figure 5 shows the detailed optical images of the encapsulant of the LEDs, and one can see that the surface of the encapsulant of the fresh LED is reasonably smooth. However, cracks are observed on both the degraded LEDs. Flakes (or tube) like structures are present only on the encapsulant of the degraded blue LEDs. The crack depth on the encapsulant of the blue and white LEDs is found to be very small. The maximum crack depth observed for blue degraded LED encapsulant is 3 µm as shown in Figure 5 (d) and that for white degraded LED encapsulant is almost negligible and not able to measure using optical microscope.
A. DEGRADATION OF ENCAPSULANT
SEM is used to get a closer look on the surface of the blue and white degraded LED's encapsulant when compared with a fresh LED encapsulant. The SEM images of the surface topology of the encapsulant before and after degradation for both the LEDs are shown in Figure 6 . It is observed from Figure 6 that there are small cracks present on the encapsulant surfaces of both the degraded LEDs when compared with the fresh sample, which is consistent with their optical micrographs. However, flake like structures are more evident on the blue degraded LEDs surface as compared to the white degraded LEDs. We will explore the origin of flakes or tube like structures on the degraded surfaces later.
Both SEM and optical micrographs shows that the crack density and crack depth are higher in the case of blue LED's encapsulant than the white LED. However, the percentage lumen degradation for the blue LEDs is less than that of the white LEDs. As there is higher amount of heat generation due to the phosphor converting the blue light to yellow light as mentioned earlier, more cracks should be expected for the white LEDs, but this is not consistent with the micrographs obtained in our work. We will discuss the observations later in the discussion section.
To further understand the nature of the cracks, Energy dispersive system (EDS) is employed to examine the cracks surface of the degraded and fresh encapsulants, and the results are shown in Table 1 where it shows an increase in the oxygen content for both the degraded LEDs. The increase in oxygen is higher in the case of the blue degraded LED's encapsulant as compared to that of the white LEDs.
To further understand the reason behind the increase of oxygen content for the degraded LEDs, FTIR spectroscopy is employed as shown in Figure 7(a) .
On closer examination of the FTIR results shown in Figure 7 (a), it is observed that new peaks (shown inside the red circle) are found for the blue degraded encapsulant in the region from 3000 to 3500 cm −1 . This region corresponds to -OH peaks as shown in Figure 7 (b) [23] , [24] , implying that the degraded blue LED encapsulants have undergone hydrolysis process. White degraded LED's encapsulant shows very small -OH peaks (almost negligible), indicating weak hydrolysis mechanism occurring in the encapsulant of the white LEDs, and this is expected as moisture is mostly driven away by the heat generated from the phosphor layer in white LED as mentioned earlier. The higher amount of hydrolysis can also explain the increase in oxygen content in the EDS results for both the degraded LEDs, with the blue LED being the most significant. On the other hand, very little amount of oxidation is observed in the degraded blue and white LED encapsulant samples as shown in Figure 7 (c) as evident from the negligible change in peak position. As the heat generated in blue LED is less than that in the white LED, only 1.48% change in the transmittance of the Si-O-Si peak is observed in the blue LEDs Si-O-Si peak in comparison to the 2.7% of that in the white LEDs.
Green circle in Figure 7 (a) represents C = O peaks which could arise either due to environmental carbon dioxide presence or from the oxidation reaction. As it is observed that very little amount of oxidation took place in the degraded encapsulant, these peaks are likely the result of environmental CO 2 . Figure 8 shows the 3D optical images of the cracks and discoloration developed on the surface of the molding part where crack depths are measured using Keyence VHX5000 optical microscope. The nature of cracks is different for the blue and white degraded LEDs. The cracks on the blue LEDs are short, denser and deeper as compared to the cracks on the white LEDs. Given that the test time for the blue LEDs is 356 hours, and the average crack depth is 43.63 µm, the average crack propagation rate is 0.11µm/hour. On the other hand, for the white LEDs where the test time is 144 hours, and the average crack depth is 23.59 µm, the average crack propagation rate is 0.16 µm/hour, indicating that the degradation in the White LEDs is more severe than that in the Blue LEDs with regards to the molding part degradation and thus the lumen degradation, unlike the case of encapsulant degradation, although both of them are silicone. Figure 8 (c) shows that the blue LED molding surface has more flakes/tube like structures when compared with the white degraded LED's molding part. SEM images of the molding parts are shown in Figure 9 , and one can clearly observe that the molding surface of the blue degraded LED is completely converted into flakes or tube like structures as shown in Figure 9 (b).Tube like structures are shown in the rectangular box whereas flakes like structures are shown in the circular box in Figure 9(b) . In the case of white degraded LEDs, only cracks and few tube-like structures are observed on the molding surface as seen in Figure 9 (c).
B. MOLDING PART DEGRADATION
It has been reported that when the length of a crack exceeds a critical value, surface fracture in the form of flakes-like and hill-like structures will occur [25] , [26] . The value of the critical crack length depends on the free energy or elastic energy of the material under stress, and it is the length beyond which free energy decreases as the crack length increases, thereby causing fracture [27] . As cracks could only be seen on the surfaces of white LEDs' molding part, and the testing time for the white LEDs is shorter, in comparison to the blue LEDs where flake-like and tube-like structures are found on the surfaces of their molding part, we propose that the long testing duration of the blue LEDs could have rendered the surface cracks length beyond the critical value.
Additional experiment is thus performed to confirm this proposal where three blue LED samples were tested under the same conditions for an intermediate time (144 hours as compared to our original test time of 365 hours for blue LEDs), and the typical surface is observed under SEM as shown in Figure 10 . It is observed from Figure 10 that the molding part after 144 hours is similar to the surface of the white degraded LEDs, supporting our proposal. This implies that the critical crack length occurs between 144 and 356 hours. Further time dependent experiments will be necessary to determine the exact time at which the molding part reaches its critical crack length during this high temperature humidity stress conditions, but it is beyond the scope of this work.
Energy dispersive system (EDS) is used to assess the elemental composition of the molding part and the results are shown in Table 2 where it shows that the carbon content decreases and oxygen content increases for the degraded LED's molding part as compared to the fresh samples. The oxygen content is found to be higher in blue degraded LEDs molding part as compared to the white degraded LED's molding part, similar to the case of the encapsulant.
Thermal oxidation process of silicone during testing could lead to the oxidation of the pendant groups, i.e. methyl groups attached to Si in the silicone structure, thereby leading to the rise in O content and proportionally decrease in C content as shown by Akihiko, et al and other groups [15] , [28] . After thermal degradation, the proportion of Si increases due to the outward diffusion of oligomer as shown by Zhou et al. [28] . Oligomers are the complex molecules consisting of simple monomer units, for example polyethylene is an oligomer consisting of monomer named as polyethylene gas as a precursor. However, hydrolysis can also lead to increase in oxygen content apart from oxidation process as mentioned earlier in the encapsulant degradation study. Thus FTIR spectroscopy is employed as it is also done for encapsulant. FTIR spectroscopy results for degraded and fresh molding part are shown in Figure 11 (a).
Higher amount of hydrolysis is observed for the blue degraded LED molding part when compared to white as shown in Figure 11 (b). Higher hydrolysis peaks could be due to higher testing time or lower amount of heat generated in blue LEDs when compared with white LEDs. However, a sharp and new peak arises at 1098 cm −1 for the white degraded LED molding part, indicating that it has undergone higher oxidation, and there is insignificant change in the peak shape or position for the blue degraded LED molding part when compared with fresh sample. A small CO 2 peak at 2321 cm −1 for the degraded white LED shown in Figure 11 (d) is likely a by-product of thermal oxidation reaction as shown by Huang and Wang [29] and Stepkowska [30] . The CO 2 peak is not present for the blue degraded LED samples. In other words, the molding part degradation mechanism is different for blue and white LEDs in contrast to the case of encapsulants. Degradation of white LEDs molding part is due to oxidation whereas that of blue LEDs molding part is due to hydrolysis. The peak at 1655 cm −1 represents the amide group presence on the degraded samples as shown by previous literature [31] , however, the cause of its presence in our results is yet to be found out.
IV. DISCUSSION
The reasons for the different mechanisms reported in the above-mentioned can be traced to the structure of the LEDs. The LED molding part and encapsulant are made up of different silicone materials with different thermal expansion coefficients, and this could lead to hydrostatic stress at the interface of encapsulant and molding part during high temperature testing [10] . This hydrostatic stress could lead to interface delamination at the molding part-encapsulant interface.
Optical micrographs of the molding part-encapsulant interfaces for the LEDs are shown in Figure 12 . Figure 12 shows that the cracks are developed all along the outer edges of molding part-encapsulant interface for degraded LEDs. The delamination is observed to be larger for the degraded white LEDs than the degraded blue LEDs as the temperature of the white LED is higher due to the heat generated from the phosphor layer in the white LED. The fresh sample shows no cracks at the interface.
Finite element analysis (FEM) using ANSYS software is employed to compute the stress distribution in the LEDs' package during 85 • C/85%RH testing, and the results are shown in Figure 13 . Thermo-mechanical properties of the silicone materials were used from the work done by Zeng et al. [32] . The ambient temperature is kept at 85 • C and the LED temperature is measured using thermal IR camera and found to be 95 • C for blue LEDs. The white LEDs internal temperature reached 135 • C due the phosphor heat generation [10] . Figure 13 clearly shows the thermo-mechanical strain distributions in the LEDs, and one can see that the strain at the molding part-encapsulant interface for the degraded white LED is 0.167 which is larger than that of the blue LED where strain is 0.149, as indicated in the circular region and arrows of Figure 13 . These results are consistent with our optical microscope results shown in Figure 12 . Also, the thermo-mechanical strain is much larger at the encapsulantchip interface for the white LED. VOLUME 6, 2018 For further confirmation, C-SAM is performed and the results are shown in Figure 14 . The C-SAM results show that the delamination, which is shown as red color region, is higher for white LED at the outer most edges whereas it is higher in the internal parts for blue LEDs, consistent with our FEA results. Also, for the white LED, the delamination also occurs in the chip area, which is consistent with our FEA results where delamination is expected between the encapsulant-chip interface.
The severe delamination at the encapsulant-molding part interface of the degraded white LED can also be felt when the encapsulant is pulled out from the molding part manually, and the effort needed for the degraded white LED is the least.
The delamination at the chip-encapsulant interface also renders lesser heat transfer from the dice to the encapsulant in the case of white LED, unlike the blue LEDs, and hence one can observe lower degradation for white LED's encapsulant as compared to the degraded blue LEDs as discussed previously.
These results also consistent with our EDS and FTIR results for degraded encapsulant reported earlier where we observed higher hydrolysis for blue degraded LED's encapsulant when compared to the white degraded LED's encapsulant. This delamination also reduced the severity of thermal oxidation on the encapsulant for the white LEDs, and hence only very small cracks can be seen in the encapsulant of the degraded white LEDs as shown in Figures 3 and 6 .
The severe delamination of the encapsulant-molding part interface in the degraded white LEDs, together with its higher heat generated in the phosphor layer render easy evaporation of moisture as shown by a schematic in Figure 15 (a), and this evaporation prevents hydrolysis reaction in the white LEDs encapsulant and the molding part. Thus, no OH peaks were found in white degraded LED's encapsulant and the molding part. However, the higher temperature in the degraded white LED's molding part lead to the discoloration of the molding part and higher cracks propagation rate as a result of severe thermal oxidation as observed in FTIR results shown in Figure 11 .
Thermal oxidation has a significant impact on the white LED molding part as discoloration reduces the light reflection effectiveness of molding part, and also the gap created at the molding part and encapsulant interface reduces the overall light output coming out from the degraded white LEDs as shown by Luo et al. [33] . Owing to the above mentioned phenomena, higher lumen degradation is observed for white LEDs in a very short span of testing time.
The encapsulant in blue degraded LEDs is not completely detached from the molding part which led to the entrapment of moisture in the encapsulant or the flow of moisture from encapsulant to other parts of LED such as molding part and die attach as shown by schematic in Figure 15(b) .
On the other hand, the heat generated in blue LEDs is much less than the white LEDs and this prevents moisture from evaporating outwards. Hence new OH peak is observed only for blue degraded encapsulant and molding part as discussed earlier. The lower heat generation in blue LED also reduces the degree of thermal oxidation as observed in our FTIR results. This suggests that the moisture is the reason for the surface fracture on the molding and encapsulant surface of the blue degraded LEDs. These are also observed by others [34] , [35] .
V. CONCLUSION
In this work, the sciences of silicone degradation used as encapsulant and molding part under high temperature and high humidity conditions are identified, and their effects on the performances of high power blue and white LEDs are studied. The interfacial stress between the two silicones used as encapsulant and molding part due to their differential coefficient of thermal expansion is found to be responsible for the difference degradation mechanisms observed in white and blue LEDs. We found that hydrolysis process of the encapsulant and molding part silicone is the degradation mechanism for the blue LEDs, and oxidation process of the silicone of the molding part is the degradation mechanism of the white LED. The encapsulant of the white LED has very slight degradation and it is due to hydrolysis process.
Lumen degradation is found to be higher for white LEDs whereas the material degradation is higher for blue LEDs. This seemingly contradicting but interesting observation is attributed to the structure of the LED and the delamination of the encapsulant-molding part interface.
This work also shows that the degradation mechanism of LEDs due to temperature-humidity condition is different from that due to temperature alone. Hence, for outdoor or high humidity applications of LEDs, Moisture-electricaltemperature test as proposed by Singh and Tan [10] is needed.
